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HIGH PERMEABILITY POLYIMIDE
MEMBRANES: GAS SELECTIVITY
ENHANCEMENT THROUGH UV
TREATMENT

BACKGROUND OF THE INVENTION

The membranes most commonly used in commercial gas
separation applications are asymmetric polymeric mem-
branes and have a thin nonporous selective skin layer that

CH;

N N

0 o H

A

performs the separation. Separation is based on a solution-
diffusion mechanism. This mechanism involves molecular-
scale interactions of the permeating gas with the membrane
polymer. According to this solution/diffusion model, the
membrane performance in separating a given pair of gases is
determined by two parameters: the permeability coefficient
(P,) and the selectivity (o ,,z). The P, is the product of the gas
flux and the selective skin layer thickness of the membrane,
divided by the pressure difference across the membrane. The
o5 is the ratio of the permeability coefficients of the two
gases (o,,5=P ,/Pz) where P, is the permeability of the more
permeable gas and P is the permeability of the less perme-
able gas. Gases can have high permeability coefficients
because of a high solubility coefficient, a high diffusion coef-
ficient, or because both coefficients are high. In general, the
diffusion coefficient decreases while the solubility coefficient
increases with an increase in the molecular size of the gas. In
high performance polymer membranes, both high permeabil-
ity and selectivity are desirable because higher permeability
decreases the size of the membrane area required to treat a
given volume of gas, thereby decreasing capital cost of mem-
brane units, and because higher selectivity results in a higher
purity product gas. These new membranes have high perme-
ability and the selectivity of some of these membranes can be
tuned via cross-linking in the presence of UV light.

SUMMARY OF THE INVENTION

The invention provides a polyimide polymer and a poly-
imide membrane having a formula
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where m and n are independent integers from 10 to 500 and
are in a ratio from 1:10 to 10:1

In some embodiments of the invention, this polyimide
membrane is UV treated.

The invention further provides a process for separating at
least one gas from a mixture of gases comprising providing a
UV treated polyimide polymer membrane having a formula

O 0 H3C CH;z
H

N N C

0 0 H;C CH;

n

where m and n are independent integers from 10 to 500 and
are in a ratio from 1:10 to 10:1; contacting the mixture of
gases to one side of the UV treated aromatic polyimide mem-
brane to cause at least one gas to permeate said membrane;
and removing from an opposite side of the polyimide mem-
brane a permeate gas composition comprising a portion of
said at least one gas that permeated said membrane.

DETAILED DESCRIPTION OF THE INVENTION

This invention relates to polyimide gas separation mem-
branes and more particularly to a new class of polyimide
membranes with high permeability. Specifically, an improved
polyimide membrane with more than 430 Barrer CO, and H,
permeabilities greatly exceeding the intrinsic permeability of
commercial polyimide membranes is disclosed. The perme-
ability is similar to heat-treated polyimides disclosed in U.S.
Pat. No. 8,613,362 B2. However, in this case heat treatment,
which can be problematic in the preparation of membranes, is
not required to achieve such high permeabilities.

Although the selectivity for gas separations is low with
these highly permeable polyimides described in the present
invention, it can be increased significantly with UV treat-
ment. In fact, both high permeability and selectivity can be
achieved for CO,/CH,, separation with UV treatment, as dem-
onstrated by pure gas tests for membrane dense films of these
polyimides. This sensitivity to UV light is also present in
thin-film composite membranes where the disclosed polyim-
ide is the selective layer. U.S. Pat. No. 4,717,393 by Hayes
and U.S. Pat. No. 7,485,173 by Liu, et. al., disclosed photo-
chemically cross-linked aromatic polyimides. In these cases,
a functional group that is cross-linkable to UV light is
required, such as a carbonyl or sulfonyl group. However, the
high permeability polyimides described in the present inven-
tion do not comprise functional groups that are cross-linkable
to UV light.

o) 0] CH, 0 0 H;C CH;
)\ Hy
N N )|\)\ N N C
Z
4 o HC ] | o 0 H;C CH;

n
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The polyimides disclosed in the present invention do not
contain these carbonyl or sulfonyl functional groups. U.S.
Pat. No. 5,409,524 reported a method for the improvement in
selectivity of polymeric membranes, such as polysulfone,
polycarbonate and polystyrene membranes, without carbonyl
or sulfonyl groups through UV treatment, but heating the
membranes to a temperature in the range of 60-300° C. is
required. Furthermore, the UV and heat treatment of polyim-
ides were not disclosed in this patent. However, heating is not
required during the UV treatment to achieve high selectivity
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4

for the polyimides described in the present invention. US
2006/0177740 A1 disclosed a polymer derived from pyrom-
ellitic dianhydride (PMDA) and 3,3',5,5'-tetramethyl-4,4'-
methylene dianiline (TMMDA) monomers. This disclosure
did not include polymers containing 2,4,6-trimethyl-mphe-
nylenediamine (TMPDA). Also, this polymer was used for
polyimide matrix electrolytes for battery applications and
was not considered for use as a polymeric membrane.

The membranes made in accordance with the present
invention have the formula shown below.

0 0 ILC CH,
H

N N C

6 0 mC CH;,

n

where m and n are independent integers from 10 to 500 and
are in a ratio from 1:10 to 10:1.
The invention involves the condensation reaction of pyro-

metallic dianhydride (PMDA) with a mixture of 2,4,6-trim-
ethyl-1,3-phenylenediamine (TMPDA) and 4,4'-methylene
bis(2,6-dimethylaniline) (TMMDA) in a polar solvent such
as dimethylacetamide (DMAc) or (NMP) solvent to form the
polyimide described in the present invention. The condensa-
tion reaction described in the current invention is a two-step
process involving the formation of the poly(amic acid) fol-
lowed by a solution chemical imidization process. Acetic
anhydride is used as the dehydrating agent and pyridine is
used as the imidization catalyst for the solution chemical
imidization reaction. Typical reaction times are about 20
hours at about 22° C. In a second step, acetic anhydride is
added, followed by pyridine and the mixture is heated to
about 95° C. for 2 hours and then allowed to cool to room
temperature. The resulting mixture is then used to make a
polyimide membrane which is then treated with UV radiation
to produce a polyimide membrane with improved properties.

EXAMPLE 1: Synthesis of Polyimide 1: Poly(PMDA-TMPDA-TMMDA) (n=2,n=1)

1. DMAe, 20 h, 22°C.
2. Acy0, pyridine

95°C.2h

O, (0] CH;
4 Y, HC Z CH;
m
25
30
35
40
Me
O, 0]
NH,
O O +
Me Me
(0] 0] NH,
PMDA TMPDA
m +1n equiv + m equiv
Me Me
HN NH,
Me Me

TMMDA
1 equiv
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Polyimide l:m=2,n=1
Polyimide 2:m=1,n=1

An aromatic poly(pyrometallic dianhydride-2,4,6-trim-
ethyl-1,3-phenylenediamine-4,4'-methylene  bis(2,6-dim-
ethylaniline))polyimide (poly(PMDA-TMPDA-TMMDA))
was synthesized from pyrometallic dianhydride (PMDA, 3
equiv), 2.4,6-trimethyl-1,3-phenylenediamine (TMPDA, 2
equiv), and 4,4'-methylene bis(2,6-dimethylaniline) (TM-
MDA, 1 equiv) in N,N-dimethylacetamide (DMAc) polar
solvent by a two-step process involving the formation of a
polyamic acid followed by a solution chemical imidization
process. Acetic acid was used as the dehydrating reagent and
pyridine was used as the imidization catalyst for the solution
chemical imidization reaction.

For example, a dry 2 L three-necked round-bottom flask
attached to a mechanical stirrer and a reflux condenser with a
nitrogen inlet was charged with TMPDA (17.0 g, 2.00 equiv),
TMMDA (20.0 g, 1.00 equiv), and anhydrous DMAc (380 g)
and the solution was vigorously stirred. The dianhydride,
PMDA (44.9 g, 3.00 equiv), was added. Additional DMAc
(130 g) was added slowly. The reaction vessel was sealed with
a septum and stirred at 22° C. for 20 hours. Acetic anhydride
(43.2 g) was added to the viscous reaction mixture slowly
over 5 minutes, followed by pyridine (66.5 g) all at once. The
reaction is heated to 95° C. for 2.5 hours and then allowed to
cool to room temperature. The reaction mixture precipitated
into a solution of isopropanol:acetone (1:1) to form white thin
fibers. The white solid was heated in the vacuum oven for two
days at 100° C. The polymer was isolated in nearly quantita-
tive yield.

Example 2

Synthesis of Polyimide 2:
Poly(PMDA-TMPDA-TMMDA) (m=1, n=1)

An aromatic poly(pyrometallic dianhydride-2,4,6-trim-
ethyl-1,3-phenylenediamine-4,4'-methylene  bis(2,6-dim-
ethylaniline))polyimide (poly(PMDA-TMPDA-TMMDA))
was synthesized from PMDA (2 equiv), TMPDA (1 equiv),
and TMMDA (1 equiv) in DMAc polar solvent by a two-step
process involving the formation of the polyamic acid fol-
lowed by a solution chemical imidization process. Acetic acid
was used as the dehydrating reagent and pyridine was used as
the imidization catalyst for the solution chemical imidization
reaction.

For example, a dry 2 L three-necked round-bottom flask
attached to a mechanical stirrer and a reflux condenser with a
nitrogen inlet was charged with TMPDA (30.0 g, 1.00 equiv),
TMMDA (50.8 g, 1.00 equiv), and anhydrous DMAc (775 g)
and the solution was vigorously stirred. The dianhydride
PMDA (89.8 g, 2.00 equiv) was added. Additional DMAc
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(130 g) was added slowly. The reaction was sealed with a
septum and stirred at 22° C. for 20 hours. Acetic anhydride
(86.4 g) was added to the viscous reaction mixture slowly
over 5 minutes, followed by pyridine (133 g) all at once. The
reaction is heated to 95° C. for 2.5 hours and then allowed to
cool to room temperature. The reaction mixture precipitated
into a solution of isopropanol:acetone (1:1) to form white thin
fibers. The white solid was heated in the vacuum oven for two
days at 100° C. The polymer was isolated in nearly quantita-
tive yield.

Example 3

Preparation of poly(PMDA-TMPDA-TMMDA)
Polyimide Polymer Membranes

The polyimide membrane dense films were prepared as
follows: The aromatic poly(PMDA-TMPDA-TMMDA)
polyimide, was dissolved in N-methyl pyrrolidone (NMP,
18% polymer). The polyimide dope was filtered, allowed to
degas overnight and cast onto a clean glass plate with a doctor
knife with a 20-mil knife gap. The film on the glass plate was
heated to 60° C. for 6 hours and dried in the vacuum oven at
180° C. for 48 hours. The film was tested for CO,/CH, and
H,/CH, separations at 50° C. under 689 kPa (100 psig) pure
gas feed pressure. The films were also submitted to UV treat-
ment at 254 nm at 2 cm for 10 minutes at 50° C. and subse-
quently tested again under pure gas pressures. The results are
shown in Table 1.

TABLE 1
Pure gas permeation test results of poly(PMDA-TMPDA-TMMDA)
membranes for CO,/CH, and H,/CH, separations”
Pcon P
Membrane® (Barrer) (Barrer) Cconycra Carycea
Polyimide-1 434.6 4347 11.8 11.8
Polyimide-1-UV 10 min 114.6 342.8 337 100.8
Polyimide-2 436.3 483.0 10.4 11.5
Polyimide-2-UV 10 min 117.7 365.0 45.3 140.4

%P 00, P, and Py were tested at 50° C. and 690 kPa (100 psig); 1 Barrer = 107'% cm®(STP)
+em/em” - sec - cmHg

Polyimide 1: PMDA: TMPDA: TMMDA (3:2:1); Polyimide 2: PMDA-TMPDA: TMMDA
(2:1:1).
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Example 4

Preparation of poly(PMDA-TMPDA-TMMDA)
Polyimide Thin-Film Composite (TFC) Membrane

A 2 wt % Polyimide 1 polymer solution was prepared by

dissolving 0.8 g of Polyimide 1 polymer synthesized in .

Example 1 in a solvent mixture consisting of 19.6 g of 1,2,3-
trichloro-propane and 19.6 g of dichloromethane. The solu-
tion was filtered using a 1 micron-sized filter to remove any
insoluble impurities and allowed to degas overnight. One
drop of Polyimide 1 polymer solution was introduced to the
surface of a pure water bath. The Polyimide 1 solution spread
onthe surface of water with simultaneous solvent evaporation
to form a thin polymer film on the surface of water. The thin
polymer film on the surface of water was then laminated onto
the surface of a low selectivity, high permeance porous poly
(ether sulfone) support membrane. The resulting TFC mem-
brane was dried at 70° C. for 1 hour in a conventional oven.

5

8
TABLE 2

Mixed gas permeation test results of Polyimide
1 TFC membranes for CO,/CH,

Membrane Proo/L(GPU)  Oeonicm
Polyimide 1-TFC 178 7.0
Polyimide 1-TFC-UV10 min-2% RTV 13.4 15.8

0 Conditions: Tested at 50° C., 6895 kPa (1000 psig), 10% CO»/90% CHy;

cm?(STP)

_ -6
1 GPU=1x10 o s -omlg

Specific Embodiments

While the following is described in conjunction with spe-
cific embodiments, it will be understood that this description
is intended to illustrate and not limit the scope of the preced-
ing description and the appended claims.

A first embodiment of the invention is a polyimide polymer
having a formula

0, 0 CH; 0, O H3C CH;
)\ H
N N /L/L N, N C
A
d b HC CHs | | J 0 HyC CH;

35

Example 5
UV Treatment of Polyimide 1 TFC Membrane

The UV-treated TFC Polyimide 1 polymer membranes
were prepared by submitting the membrane to a UV lamp
from a certain distance and for a period of time selected based
upon the separation properties sought. For example, one UV

treated TFC Polyimide 1 membrane was prepared from TFC 45

Polyimide 1 membrane obtained in Example 3 by exposure to
UV radiation using 254 nm wavelength UV light generated
from a UV lamp with 10 cm (3.94 inches) distance from the

membrane surface to the UV lamp and an radiation time of 10 59

minutes. The surface of the Polyimide 1 layer of the TFC

40

0 0 o,
) i /C\
/
4 Y, HC CHy
m

Polyimide 1 membrane was dip coated with a RTV615A/
615B silicone rubber solution. The coated membrane was
dried inside a hood at room temperature for 30 minutes and

then dried at 70° C. for 1 hour in a conventional oven.

where m and n are independent integers from 10 to 500 and
are in a ratio from 1:10 to 10:1. An embodiment of the inven-
tion is one, any or all of prior embodiments in this paragraph
up through the first embodiment in this paragraph wherein the
ratio of m to n is in a range from 1:5 to 5:1. An embodiment
of'the invention is one, any or all of prior embodiments in this
paragraph up through the first embodiment in this paragraph
wherein a polyimide membrane comprises a polyimide poly-
mer having the above formula. An embodiment of the inven-
tion is one, any or all of prior embodiments in this paragraph
up through the first embodiment in this paragraph wherein the
polyimide polymer is UV treated.

A second embodiment of the invention is a process for
separating at least one gas from a mixture of gases comprising
providing a UV treated polyimide polymer membrane having
a polyimide polymer with a formula

O 0 H3C CHjz
H

N N C

0 0 H;C CH;

n

where m and n are independent integers from 10 to 500 and
are in a ratio from 1:10 to 10:1; contacting the mixture of

5 gases to one side of the UV treated polyimide polymer mem-

brane to cause at least one gas to permeate the membrane; and
removing from an opposite side of the UV treated polyimide
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polymer membrane a permeate gas composition comprising a
portion of the at least one gas that permeated the membrane.
An embodiment of the invention is one, any or all of prior
embodiments in this paragraph up through the second
embodiment in this paragraph wherein the mixture of gases
comprises a mixture of carbon dioxide and methane. An
embodiment of the invention is one, any or all of prior
embodiments in this paragraph up through the second
embodiment in this paragraph wherein the mixture of gases
comprises a mixture of hydrogen and methane. An embodi-
ment of the invention is one, any or all of prior embodiments
in this paragraph up through the second embodiment in this
paragraph wherein the mixture of gases comprises a mixture
of helium and methane. An embodiment of the invention is
one, any or all of prior embodiments in this paragraph up
through the second embodiment in this paragraph wherein the
mixture of gases comprises a mixture of at least one volatile
organic compound and at least one atmospheric gas. An
embodiment of the invention is one, any or all of prior
embodiments in this paragraph up through the second
embodiment in this paragraph wherein the mixture of gases
comprises nitrogen and hydrogen. An embodiment of the
invention is one, any or all of prior embodiments in this
paragraph up through the second embodiment in this para-
graph wherein the mixture of gases comprises a mixture of
carbon dioxide, oxygen, nitrogen, water vapor, hydrogen sul-
fide, helium and methane. An embodiment of the invention is
one, any or all of prior embodiments in this paragraph up
through the second embodiment in this paragraph wherein the
UV treated polyimide polymer membrane comprises a spe-
cies that adsorbs strongly to at least one gas. An embodiment
of'the invention is one, any or all of prior embodiments in this
paragraph up through the second embodiment in this para-
graph wherein the mixture of gases comprises a mixture of
paraffins and olefins.

A third embodiment of the invention is a method of pre-
paring a polyimide polymer membrane comprising a conden-
sation reaction of pyrometallic dianhydride (PMDA) with a
mixture of 2,4,6-trimethyl-1,3-phenylenediamine (TMPDA)
and 4,4'-methylene bis(2,6-dimethylaniline) (TMMDA) in a
polar solvent to produce a polyimide polymer; then making a
polyimide polymer membrane from the polyimide polymer
and treating the polyimide polymer membrane with UV
radiation. An embodiment of the invention is one, any or all of
prior embodiments in this paragraph up through the third
embodiment in this paragraph wherein the polar solvent com-
prises dimethylacetamide (DMAc) or N-methylpyrrolidone
(NMP) solvent. An embodiment of the invention is one, any
or all of prior embodiments in this paragraph up through the
third embodiment in this paragraph wherein the condensation
reaction is a two-step process involving a formation of a
poly(amic acid) followed by a solution chemical imidization
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reaction. An embodiment of the invention is one, any or all of 65

prior embodiments in this paragraph up through the third
embodiment in this paragraph wherein acetic anhydride is

10

used as a dehydrating agent and pyridine is used as an imi-
dization catalyst for the solution chemical imidization reac-
tion.

Without further elaboration, it is believed that using the
preceding description that one skilled in the art can utilize the
present invention to its fullest extent and easily ascertain the
essential characteristics of this invention, without departing
from the spirit and scope thereof, to make various changes
and modifications of the invention and to adapt it to various
usages and conditions. The preceding preferred specific
embodiments are, therefore, to be construed as merely illus-
trative, and not limiting the remainder of the disclosure in any
way whatsoever, and that it is intended to cover various modi-
fications and equivalent arrangements included within the
scope of the appended claims.

In the foregoing, all temperatures are set forth in degrees
Celsius and, all parts and percentages are by weight, unless
otherwise indicated.

The invention claimed is:

1. A UV treated polyimide membrane comprising a poly-
imide polymer having a formula

CH, —‘
—-N N ﬁ/\k
4 Y, HC 7 CHgJ
—_ m
o 0 HiC CIH;
0
—N N
K 0 H,C CH,

where m and n are independent integers from 10 to 500 and
are in a ratio from 1:10 to 10:1.

2. A method of preparing a UV treated polyimide polymer

membrane comprising:

a) a condensation reaction of pyrometallic dianhydride
(PMDA) with a mixture of 2,4,6-trimethyl-1,3-phe-
nylenediamine (TMPDA) and 4,4'-methylene bis(2,6-
dimethylaniline) (TMMDA) in a polar solvent to pro-
duce a polyimide polymer;

b) then making a polyimide polymer membrane from said
polyimide polymer; and

¢) treating said polyimide polymer membrane with UV
radiation.

3. The method of claim 2 wherein said polyimide polymer

has a formula represented by

o) 0 HC CH;
H
N N C
0 HyC CH;

where m and n are independent integers from 10 to 500 and
are in a ratio from 1:10 to 10:1.
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